Introduction {#s1}
============

Fast decisions about environmental information require categorization to distinguish between animate and non-animate things, plants and animals, vehicles and buildings, etc. (Fabre-Thorpe, [@B27]). Categorization serves not only distinction but also generalization when different objects are grouped on the basis of shared features (Keller and Soenfeld, [@B37]). The visual environment does not always favor perception: fog, poor lighting, absence of colors, low contrast, short flashes of an image allow only decisions made on the basis of coarse, global features or outlines of objects. In addition, sometimes only the periphery of the visual field is stimulated; still, we need to know whether this visual information has any relevance. For a detailed analysis on the other hand, fine details, colors and edges are important.

For fast and efficient categorization relevant information and actual goals should be considered. This process might root in the two major visual processing streams: the magnocellular pathway (MC) and the parvocellular pathway (PC). The majority of axons leaving the retina belong to either the MC or the PC. The MC runs (partly) to the frontal lobe, while the end of the PC stream is in the inferotemporal cortex (IT), a region essential for visual recognition. Instead of a detailed description (but see e.g., Mishkin and Ungerleider, [@B51]; Goodale and Milner, [@B35]) of the fundamental differences in the properties of the MC and the PC, here we focus only on those features of the MC which are relevant to our study. The MC pathway is very fast. Differences in conduction speed between the two pathways can be demonstrated as early as the lateral geniculate body (LGB): information arriving via the PC has some 20 ms delay as compared to the MC, and this difference is also present in V1 (Maunsell and Newsome, [@B48]; Nowak et al., [@B57]; Schmolesky et al., [@B63]). After V1 it takes only 6--9 ms to reach V3, the middle temporal area (MT), the middle superior temporal area (MST) or the frontal eye field (FEF) (Schmolesky et al., [@B63]).

On the basis of latency differences between the PC and the MC, Nowak and his colleagues suggested that visual signals processed in the MC might modulate activity in the PC through feed-forward, lateral or feed-back connections (Nowak and Bullier, [@B56]). Information carried rapidly by the MC toward the frontal areas may exert a top-down effect. In contrast with the hierarchical views of visual processing, this top-down effect is supposed to be able to modulate lower regions from higher cortical areas which have been activated earlier (Knierim and van Essen, [@B39]; Zipser et al., [@B80]). However, due to the fact that the MC is sensitive only to coarse features, the role of the MC in object recognition was not investigated for long. Recently published papers, however, suggest that when time is an issue, the MC carries sufficient data to extract relevant information, which---provided there is enough time---can be completed by colors and details carried by the PC. Several experiments (see below) were carried out in order to investigate rapid categorization by using pathway-specific stimulation.

Research on decisions concerning MC information can benefit from the fact that images projected on the peripheral retina almost exclusively stimulate the rod system. In a study by Thorpe and colleagues (Thorpe et al., [@B72]), participants had to decide about images and choose between animate/non-animate categories. Their results showed that eccentricity did not have an influence on the accuracy of the decisions and that low spatial frequency (LSF) information originating from the periphery of the retina was sufficient for categorization. It was also shown that rapid categorization is possible in the absence of colors (Delorme et al., [@B23]). The MC is sensitive to the achromatic differences in luminance; the pathway can be stimulated by stimuli having low (\<8%) contrast and LSF (Tootell et al., [@B74]). Experiments on monkey and human participants using contrast differences (Mace et al., [@B46], [@B45]) were performed and showed that images with sufficiently low contrast are invisible for the PC, so decisions concerning the stimuli *must* be based on information carried by the MC. If the PC were the only pathway involved in visual categorization, low contrast stimuli should cause a dramatic decrease in performance. However, at contrast values of 3% performance did not change significantly in either species, which suggests that it might be done on the basis of coarse information carried by the MC (Bar et al., [@B11]; Bar, [@B9]).

Different spatial frequencies carry different aspects of the visual stimuli. High spatial frequencies (HSFs) carry information about edges and patterns, while LSFs contain global information. The latter might be sufficient to make a first, global impression about the general shape of objects. Psychophysical studies show that LSF patterns (Sachs et al., [@B62]; De Valois et al., [@B24]) and complex sceneries (Schyns and Oliva, [@B64]; Mace et al., [@B46], [@B45]) are perceived earlier than high SF. Electrophysiological results show that the first part of the activity of IT cells reflects global information (Sugase et al., [@B68]; Tamura and Tanaka, [@B70]) and only the later part of the responses, after some 51 ms, carries information about fine details (Sugase et al., [@B68]). This means that IT neurons respond first to low LSF and global features and only after that to fine details.

According to the studies mentioned above and based on their EEG findings, Thorpe and Fabre-Thorpe suggested an MC based, fast pathway which uses the same cortical areas as the ventral pathway. Thus, MC information arrives at the IT faster and reaches the prefrontal cortex and the motor cortex earlier than information carried by the PC if a fast decision is needed (Fabre-Thorpe et al., [@B28]; Thorpe and Fabre-Thorpe, [@B71]). Reaction times in monkeys performing rapid visual categorization are as short as 180 ms, which leaves time only for a feed-forward processing through the IT to the motor cortex via the prefrontal and premotor cortices (Fabre-Thorpe et al., [@B29]). It was also suggested that MC information supported PC processing through fast, local feed-back circuits along the ventral visual stream (Fabre-Thorpe, [@B27]).

Bar and his colleagues, on the other hand, hypothesized a top-down process which, using the rapid processing in the MC through the dorsal pathway could provide the IT with coarse but fast information through the orbitofrontal cortex (OFC). This top-down mechanism can limit the number of possible interpretations, decrease the amount of necessary computation and reduce the time needed. This global information is essential for making fast decisions for survival (Bar, [@B9]). In these experiments, the two pathways were stimulated selectively and categorization was required (Bar, [@B9]; Kveraga et al., [@B42],[@B43]). According to the findings, the critical structure in top-down processes is the OFC, whose early activation can be attributed to processing visual information in the MC (Bar, [@B9]; Kveraga et al., [@B43]). In addition, a study investigating the functional coupling of cortical areas found phase coupling between V1 and the OFC, and the OFC and the IT (see Lin et al., [@B44]). Rokszin et al. ([@B61]) investigated how the top-down effects are manifested in scalp ERPs when presenting low or high SF information. They found evidence of top-down, anterior effect for MC optimized images within the first 200 ms of visual processing (shorter N1 latencies and amplitude changes spreading to anterior scalp regions). The connection is provided by the fibers of the uncinate fascicle and the external capsule connecting the OFC with the IT (Cavada and Goldman-Rakic, [@B16]; Cavada et al., [@B15]; Fang et al., [@B30]).

It is important to note that although the MC is regarded as the main input for the dorsal or "Where?" pathway processing motion and serving spatial attention, nearly 50% of the MC fibers feed information into the ventral stream (Ferrera et al., [@B33]; Nealey and Maunsell, [@B52]). There is plenty of evidence supporting the role of the MC pathway in fast categorization; however, it is unclear whether this information after leaving V1 reaches the IT via the dorsal (a top-down process through the OFC) or the ventral pathway (local feed-forward or feed-back circuits preceding PC information) (Figure [1](#F1){ref-type="fig"}).

![**An illustration of the hypothetical anatomical background for information processing through the (fast) magnocellular and parvocellular pathway**. According to Fabre-Thorpe ([@B27]), MC information supports PC processing through fast, local feed-back circuits. On the other hand, Kveraga and his colleagues hypothesized a top-down process, which, using the rapid processing in the MC, could provide the IT through the OFC with fast but coarse information. This can feed-back to the ventral stream to limit the number of possible interpretations, decrease the amount of necessary computation and the time needed. Please note, that arrows merely indicate a supposed, general flow of information and not necesseraly anatomical stages. This is especially true for large arrow indicating the dorsal pathway, where the route of information is not yet clear.](fnins-11-00234-g0001){#F1}

The goal of our study was to determine which of the above scenarios is more likely: does MC information responsible for fast visual decisions pass through the OFC or does it run together with the ventral pathway? One possible approach of the problem might be to interfere with the dorsal or ventral pathway to see whether the processing of those stimuli which are characteristic to the given pathway is affected or not. A logical choice is a non-invasive and reproducible electrical stimulation of the pathway(s).

Electrical stimulation manipulates the activity of cortical networks transitionally and reversibly in a non-invasive and painless way. The method consists of a weak transcranial current (tDCS) flowing through the brain using two large surface electrodes (Nitsche and Paulus, [@B54]; Manuel et al., [@B47]), which can influence cortical functions. In the past few years several studies investigated visual processing in humans using non-invasive electrical stimulation to directly modulate visual cortices in human subjects (Antal et al., [@B6]). The anodal stimulation over V1 increases the sensitivity of phosphenes (Antal et al., [@B2]), contrast sensitivity, enhances the amplitude of N70 while the opposite effects were found using cathodal stimulation (Antal et al., [@B3],[@B7], [@B1]; Kraft et al., [@B40]). Futhermore, tDCS modulates human color discrimination in a pathway-specific manner (Costa et al., [@B20]). The anodal stimulation over MT improves learning of visually guided tracking movements (Antal et al., [@B4]). After learning the anodal stimulation has no effect, but cathodal stimulation can increase the signal-to-noise ratio and improve the performance in the learned task (Antal et al., [@B5]). The tDCS over the posterior parietal cortex modulates visuospatial processing (Sparing et al., [@B65]), bilateral stimulation over the anterior temporal lobe (right anodal, left cathodal) improves visual memory (Chi et al., [@B18]), cathodal stimulation of the temporo-parietal cortex reduces the magnitude of facial adaptation (Varga et al., [@B75]). Also, anodal stimulation improves implicit learning when the left prefrontal cortex is stimulated (Kincses et al., [@B38]) and enhances the recognition of facial expression when right OFC is stimulated (Willis et al., [@B79]). For a review see Antal et al. ([@B8]) and Costa et al. ([@B19]).

Effects of tDCS might be explained by the modulation of the resting membrane potentials of the stimulated area. Single cell recording studies have shown that cathodal stimulation can decrease firing activity, while the anodal stimulation have the opposite effect (Bindman et al., [@B12]; Purpura and McMurtry, [@B60]). In humans the tDCS has similar polarity dependent effects (Nitsche and Paulus, [@B54], [@B55]). It seems that tDCS effects appear to be site specific but not site limited; the latter effects might be based on plasticity mechanisms.

Since tDCS seems to be a powerful technique for investigation visual processing, we applied cathodal or anodal tDCS and sham stimulation as a control in a decision making test, over the OFC (Nitsche et al., [@B53]; Dayan et al., [@B22]; Manuel et al., [@B47]; Willis et al., [@B79]). Our subjects were required to make a judgment on the real size of objects seen on the screen, i.e., whether they fit in a shoebox or not? There were two sessions; between the two sessions tDCS stimulation was applied.

There are two possible scenarios concerning the outcome. If stimulation of the OFC does not have an effect on decisions concerning *both* MC *and* PC optimized stimuli, or if the effects are similar using *both* stimuli that would support the idea that fast MC information is processed through the ventral pathway avoiding the OFC. Thus, only *decision mechanisms* were affected, but not the *route of information flow*. If, on the other hand, decisions about MC stimuli were affected selectively, it would support the hypothesis that MC information reaches the OFC, passes through it and is available for top-down modulation (Bar et al., [@B10]).

Materials and methods {#s2}
=====================

Stimuli
-------

The stimulus set contained 200 achromatic images of everyday objects, like a truck, ashtray, pen, piano, etc. One part of the images was collected from the Bank of Standardized Stimuli (Brodeur et al., [@B14]) others were selected and collected by one of the authors (A.B.). Stimuli were modified using Matlab and GIMP 2.8 programs. Stimuli were cut out from the original pictures, were standardized in the sense that all had the same size in their largest dimension (4,5° viewed from 57 cm) placed on the same background, transformed to grayscale images. Shine Toolbox was used to equalize the contrast and luminance values before filtering (Willenbockel et al., [@B78]). Images had resolutions of 72 pixels per inch and size of 500^\*^500 pixel. The visual stimuli were modified to selectively stimulate the MC or the PC; they were filtered by Gaussian filter (12 pixel kerner, as lowpass filter) and highpass filter (0.5 radius) to attenuate the high and spatial frequencies, respectively. The MC optimized stimuli contained LSF (\<0.9 cycles per degree), while the PC stimuli consisted of HSF (\>4.7 cycles per degree, Figure [2](#F2){ref-type="fig"}). This method is similar to the one used by Bar et al. ([@B10]). All stimuli had a mean luminance between 8 and 9 cd/m^2^. No luminance matching was used after filtering. The images of the objects could be divided into two groups according to their real life size. One half of the objects were larger, while the others were smaller than an average shoe box. All stimuli were presented on a uniform gray background (8.9 cd/m^2^). For stimulus presentation a 23-inch LCD (Tobii Pro TX300) monitor was used having screen resolution of 1,920 × 1,080 and vertical refresh rate of 60 Hz.

![**The image on the left is the original unfiltered image of an object received by the retina**. The right side of the figure shows the two kinds of stimuli used in the experiment. The upper image is filtered for the selective stimulation of the magnocellular pathway. The bottom image is optimized for the ventral stream, in accordance with the sensitivity of the parvocellular pathway.](fnins-11-00234-g0002){#F2}

Subjects
--------

Forty-eight healthy subjects (university students, 19 females; mean age: 22.7 years) participated in the study. They were divided in three equal groups for cathodal, anodal and sham stimulation. Each subject had to perform the task before and after the stimulation (see below). All had normal or corrected-to-normal vision, including normal color vision and none of them suffered from any neurological or psychiatric disorders. None of them had a history of excessive drug/alcohol/caffeine consumption. A questionnaire was provided regarding previous diseases, handedness (Oldfield, [@B58]), sleep time, medication, mental and physical status. All study participants gave written informed consent in accordance with the Declaration of Helsinki; the study was approved by the ethical committee of the University of Szeged (Ref. no.: 165/2014).

Behavioral test
---------------

The subjects were seated in a sound-attenuated, dimly lit room, and viewed the computer screen from 57 cm. For stimulus presentation a custom made MATLAB code (MathWorks, Natick) and the Psychtoolbox Version 3 (Brainard, [@B13]) was used.

At the beginning of the experimental procedure all subjects received instructions on the computer screen to make sure that everyone was given identical instructions on how to solve the task. There were two sessions during the test, thus each subject was tested twice. In the first session, before the tDCS, half of the stimulus set (100 images) was presented, which contained an equal number of small, large, MC and PC optimized object images in a pseudorandom order. The second session started just after tDCS (or the sham stimulation) and the rest of the stimuli (other 100 images) were presented again in a pseudorandom order. During the psychophysical sessions, the participants were required to make decisions about the object size and to answer the question whether the object displayed on the screen was larger or smaller than a shoebox (Kveraga et al., [@B42]). The left arrow key on the computer keyboard was associated with smaller, the right arrow key with larger objects. Size decisions were tested in a preliminary psychophysical experiment. The trials started with a centrally presented fixation-cross (250 ms) appearing before the stimulus in the center of the screen followed by the test stimulus. The trials were machine paced: if no response key was pressed for 3 s, the next image was presented. There was no feedback on the correctness of the responses (Figure [3](#F3){ref-type="fig"}).

![**The experimental procedure**. The stimuli and the fixation point were presented in a gray background. Each trial started with the presentation of a fixation cross, which was visible for 0.25 s. The stimulus was presented until the decision was made, or up to 3 s.](fnins-11-00234-g0003){#F3}

Stimulation protocol
--------------------

To modulate prefrontal cortical activity, transcranial direct current stimulation was applied (Kincses et al., [@B38]; Nitsche et al., [@B53]; Manuel et al., [@B47]). Two rubber electrodes (surface: 5 × 7 cm) were used with a neuroConn DC-stimulator (neuroConn GmbH). The electrodes were arranged according to the study of Manuel et al. ([@B47]). They reported a significant modulation of the OFC function (reality filtering) upon direct current stimulation. In their study, the electrical fields induced by tDCS were modeled to predict whether significant current reached the OFC. The model reached a significant current flow in the OFC when the electrodes were placed over the glabella and the vertex (Fpz and Cz of the 10--20 EEG system, respectively) and the electrical field values were calculated for 1 mA of inward current. In our study, the electrodes were placed on the midline; the center of the relevant active tDCS electrode was over the putative OFC cortex (Fpz), while the reference electrode was over the vertex (identified by the standard 10--20 system). Modulation was applied for 20 min with 1 mA current intensity using 10 s fade in and fade out phase in cathodal and anodal stimulation protocol, respectively. Sham stimulation consisted of placing the electrodes on the skull, but no tDCS was applied with the exception of the 10 s fade in and 10 s fade out phases. This stimulation does not have any effect on cortical excitability, but causes the same itching sensation under the electrodes. The total duration of the sham phase was also 20 min. The study was a single-blind experiment: the experimenter was fully informed, but participants were not informed about the type of stimulation they received.

Statistics
----------

To see the differences in processing time for the MC and PC optimized stimuli, SPSS Inc. software was used to compare response latencies and accuracies before stimulation (since the conditions were the same for each participant in this period); a paired *t*-test was applied, differences were considered as significant if the type I. error was \<0.05. To evaluate the effects of transcranial stimulation we used repeated measures three-way ANOVA with between group factors being type of stimulation and within group factors being time of behavioral test, and pathway (MC, PC). We compared the response accuracy and the reaction times before and after the stimulation. Group averages and standard errors are shown in Table [1](#T1){ref-type="table"}, comparisons in Figures [4](#F4){ref-type="fig"}--**6**.

###### 

**Means of accuracies and reaction times with their confidence intervals in each condition**.

  **Stimulation type**                                       **Means**   **Confidence intervals**
  ---------------------- ------ ---------------------------- ----------- --------------------------
  Sham *n* = 16          I.     PC optimized reaction time   0.97        0.86--1.08
                                PC optimized performance     89.25       87.05--91.45
                                MC optimized reaction time   0.85        0.74--0.95
                                MC optimized performance     91.00       88.80--93.19
                         II\.   PC optimized reaction time   0.89        0.80--0.98
                                PC optimized performance     87.73       85.94--89.53
                                MC optimized reaction time   0.83        0.74--0.92
                                MC optimized performance     91.75       89.95--93.54
  Cathodal *n* = 16      I.     PC optimized reaction time   0.93        0.82--1.04
                                PC optimized performance     89.81       87.61--92.01
                                MC optimized reaction time   0.88        0.77--0.99
                                MC optimized performance     92.25       90.05--94.45
                         II\.   PC optimized reaction time   0.89        0.80--0.98
                                PC optimized performance     90.24       88.44--92.03
                                MC optimized reaction time   0.83        0.74--0.92
                                MC optimized performance     89.87       88.07--91.66
  Anodal *n* = 16        I.     PC optimized reaction time   1.05        0.94--1.15
                                PC optimized performance     91.12       88.93--93.32
                                MC optimized reaction time   0.98        0.87--1.09
                                MC optimized performance     91.25       89.05--93.45
                         II\.   PC optimized reaction time   0.97        0.88--1.06
                                PC optimized performance     91.24       89.44--93.04
                                MC optimized reaction time   0.89        0.80--0.98
                                MC optimized performance     97.00       95.20--93.55

*Rows marked with I indicate values before, with II indicate values after stimulation*.

![**The accuracies and response latencies during the decision task before tDCS**. Central data points: means, boxes: mean ± SE, bars: mean ± 1.96 SE. **(A)** There was no significant difference between decisions about stimuli optimized for the MC and the PC. **(B)** For MC stimuli, the response latencies are shorter than for PC stimuli (*n* = 48, *p* \< 0.01). Asterisk indicates significant differences (*p* \< 0.05).](fnins-11-00234-g0004){#F4}

Results {#s3}
=======

Before the stimulation, the three groups of volunteers performed the task under identical conditions (*n* = 48). Paired *t*-test was used for the statistical evaluation. The percentage of correct answers was 91.50 ± *SD* = 4.05 using MC stimuli, comparing with accuracy of PC stimuli (mean 90.06, ± *SD* = 4.69) the difference was not significant *p* = 0.12 (*df* = 47, *t* = 1.58, Figure [4A](#F4){ref-type="fig"}). Decisions about stimuli optimized for the MC yielded shorter response latencies than those for PC stimuli (mean MC latency = 0.90 s, ±*SD* = 0.20 s, mean *PC* = 0.98 s, ± *SD* = 0.23 s, *p* \< 0.01, *df* = 47, *t* = −3.95, Figure [4B](#F4){ref-type="fig"}). These results suggest that the reaction time differences originate from the different processing times needed for MC and PC optimized stimuli, not from the differences in the recognizability of the MC and PC stimuli sets. This test verified that MC optimized stimuli are associated with shorter response latencies (Bar et al., [@B10]).

Response latencies
------------------

A repeated measures three-way ANOVA was used to test main effects and possible interactions between changes in response latencies according to the types of stimulation. The within factors were the pathway (MC, PC), time of the behavioral test (before and after the stimulation) and group factor was type of stimulation (anodal, cathodal, and sham). All possible interaction terms were taken into account. Concerning the response latency times we did not find significant effects in the cases of stimulation type \[*F*~(2,\ 45)~ = 1.336, *p* = 0.273, partial eta-squared = 0,06\]. The reaction times showed differences according to the pathway factor \[*F*~(1,\ 45)~ = 28.46, *p* \< 0.01, partial eta squared = 0.39\] and the time factor \[*F*~(1,\ 45)~ = 8.69, *p* \< 0.01, partial eta-squared = 0.16\]. The after stimulation reaction times became faster in the case of all stimulus type, and the response latencies for MC stimuli were faster throughout the test. While analyzing the interactions, we did not find interaction between the pathway and stimulation type factor \[*F*~(2,\ 45)~ = 0.59, *p* = 0.56, partial eta-squared = 0.03\], time and stimulation type factor \[*F*~(2,\ 45)~ = 0.36, *p* = 0.69, partial eta-squared = 0.016\] and pathway and time factors \[*F*~(1,\ 45)~ = 0.65, *p* = 0.42, partial eta-squared = 0.014\]. Furthermore, there was no significant interaction between the three factors examined \[*F*~(2,\ 45)~ = 1.99, *p* = 0.15, partial eta-squared = 0.81\] (Figure [5](#F5){ref-type="fig"}).

![**Effects of tDCS on response latencies**. Repeated measures three-way ANOVA results of the response latencies in the psychophysical tests (*n* = 48). On the left panel the response latencies for MC optimized stimuli are presented. On the right panel we presented the values measured using PC optimized stimuli. Full circles show the measured latencies before stimulation, full squares show the response latencies after stimulation. Data points denote means, vertical bars show 0.95 confidence intervals. None of the stimulation types affected the response latencies.](fnins-11-00234-g0005){#F5}

Accuracy changes
----------------

To test how transcranial stimulation of the OFC affected accuracy levels three-way ANOVA with repeated measures was used to test main effects and possible interactions between the changes in accuracy and types of stimulation. The factors again were the pathway (MC-PC), type of stimulation and time (before or after the stimulation). All possible interaction terms were taken into account. The interaction of all factors was significant \[*F*~(2,\ 45)~ = 5.81, *p* \< 0.01, partial eta-squared = 0.21\]. Using stimulation type factor we found significant difference between the groups \[*F*~(2,\ 45)~ = 4.77, *p* \< 0.01, partial eta-squared = 0.18\]. In the case of pathway factor we also found significant difference \[*F*~(1,\ 45)~ = 13.74, *p* \< 0.01, partial eta-squared = 0.23\], but the interaction of the aforementioned factors was not significant \[*F*~(2,\ 45)~ = 1.03, *p* = 0.36, partial eta-squared = 0.04\]. Examining the effect of time factor we did not find significant differences \[*F*~(1,\ 45)~ = 1.79, *p* = 0.19, partial eta squared = 0.04\]. The interaction of time and stimulation type factor was significant \[*F*~(2,\ 45)~ = 9.64, *p* \< 0.01, partial eta-squared = 0.30\] but there were no significant interactions between the time and pathway factors \[*F*~(1,\ 45)~ = 2.78, *p* = 0.10, partial eta-squared = 0.06\]. The existence of the three-factor interaction suggests that the interaction between time and stimulation depends on the level of pathway factor (PC and MC stimuli, representing two levels), with other words, the dependence between change in time and the stimulation (representing three levels) differs in the PC and MC stimuli, therefore the relationship between change in time and stimulation was evaluated at the levels of stimulus presented in the figure below. Estimated marginal means and confidence intervals in the figure are based on the results of the omnibus ANOVA (Figure [6](#F6){ref-type="fig"}).

![**Effects of tDCS on decisions of visual stimuli**. Repeated measures three-way ANOVA results of the accuracies in the psychophysical tests are presented on the figures (*n* = 48). (full circles: before stimulation, full squares: after stimulation). The left panel presents the accuracy changes using MC optimized stimuli. Anodal tDCS resulted in a better accuracy for these images, while the cathodal stimulation impaired the performance. Sham stimulation did not have any effect on the accuracy. On the right panel accuracies in the psychophysical tests for PC optimized stimuli are shown. None of the stimulation types affected the performance. Data points denote means, vertical bars show 0.95 confidence intervals. Asterisk indicates significant differences (*p* \< 0.05).](fnins-11-00234-g0006){#F6}

We used Bonferroni *post-hoc* test to examine between which groups and conditions the significant effect can be found. The most important differences were found between accuracies measured before and after stimulation when presenting MC stimuli and using anodal (*p* \< 0.01) and cathodal stimulation (*p* = 0.015). The accuracy increased when anodal stimulation was used, while the cathodal stimulation decreased the percentage of correct answers. Comparing on the level of pathway factor we found significant differences between the sham group after stimulation values (*p* \< 0.01) and anodal group after stimulation values (*p* \< 0.01). Furthermore, there were differences between the different groups, the accuracy for the MC stimuli after the stimulation differed between the sham and anodal groups (*p* \< 0.01) and anodal and cathodal groups (*p* \< 0.01). Also the accuracies measured after the stimulation using PC stimuli differed between the sham and anodal groups (*p* \< 0.05).

Discussion {#s4}
==========

Here we report that we could selectively modulate the processing of magnocellular optimized stimuli by influencing the activity of the prefrontal cortex using tDCS. This result confirms the hypothesis that magnocellular information passes the orbitofrontal cortex, and therefore might be used for a top-down modulation of visual processing.

Several points have to be addressed when discussing the results.

The first question is whether our stimuli fit for the magno- and parvocellular pathways? It has been reported earlier that decisions concerning MC optimized stimuli are faster than those optimized for PC stimuli (Kveraga et al., [@B42],[@B43]). Our results confirmed that the stimuli used in this study are indeed suitable for driving the dorsal or ventral pathway specifically. The significant difference in response latency times *before the stimulation* favored MC optimized stimuli but did not favor PC optimized stimuli, indicating that pathway optimization was successful.

TDCS had a clear and significant effect on response accuracies. How can this be interpreted? The rationale behind our study was that transcranial stimulation may have a direct impact on baseline cortical excitability (Stagg and Nitsche, [@B66]) and the observation that predictions might accelerate the perception of our environment by pre-stretching or priming bottom-up processing. Most studies agree that the phenomenon is based on the information carried by the MC. The MC and the dorsal pathway, however, also feed information into the ventral, PC through different stages of the cortical visual system (Merigan et al., [@B49]; Chen et al., [@B17]) but it is not clear what the exact source of this information is. Is MC information processed simultaneously, together with PC information in the ventral pathway (Mace et al., [@B46]; Fabre-Thorpe, [@B27]) or does MC information arrive through top-down connections at the IT via the OFC (Bar et al., [@B10]; Kveraga et al., [@B42],[@B43])? The question is further complicated by the observation that connections between areas V5, V4 and the IT, furthermore between the prefrontal cortex and the IT can facilitate object recognition (Tomita et al., [@B73]; Chen et al., [@B17]; Eger et al., [@B25]). Cathodal stimulation of the OFC exerts an inhibitory effect, since neurons under the stimulation electrode become less excitable and presumably decrease the level of neurotransmitter glutamate (Filmer et al., [@B34]). Anodal stimulation in our experiments supported OFC functions: accuracy improved considerably for LSF stimuli (HSF stimuli were not affected), while cathodal stimulation decreased accuracy. This is in line with the meta-analysis data reported by Jacobson et al. ([@B36]), namely, in cognitive tasks anodal stimulation often improves performance. Also, several studies report a decrease in performance when applying cathodal stimulation (e.g., Stone and Tesche, [@B67]; Sparing et al., [@B65]; Kraft et al., [@B40]). While this might not be the case in general, i.e., that anodal stimulation improves, cathodal stimulation impairs cognitive function, in some cognitive fields like perception and attention studies the likelihood to get opposite effects after anodal and cathodal stimulation, respectively, is exceptionally high (Jacobson et al., [@B36]).

The OFC consists of two large regions: medial and lateral parts. The former plays a role in higher cognitive functions, associative, reward linked learning, processing emotions, integrating sensory modalities and, most importantly, making decisions (Kringelbach and Rolls, [@B41]; Wallis, [@B76]). The fact that stimulation affected only decisions about LSF images supports the idea that magnocellular information passes the OFC. According to Bar et al. ([@B10]) this information might be used for top-down facilitation of decision making. The role of the OFC in decision making especially when previous knowledge or predictions are concerned was studied in fMRI experiments (Summerfield et al., [@B69]; Miall et al., [@B50]; Erez and Duncan, [@B26]).

The last question is how tDCS influences the motor cortex and thus behavioral response latencies? Response latency in psychophysical studies includes sensory processing, decision making and motor response. When interpreting our results, one must also consider that the arrangement of electrodes for modulating the OFC (Manuel et al., [@B47]) stimulates the motor cortex when cathodal stimulation is used, but inhibits it when anodal stimulation is applied. Results regarding the effects of tDCS on motor reactions are far from clear. The main effect of tDCS is biasing cortical excitability. The underlying mechanism is still debated but current work suggests that it shares similarities with the activity-dependent synaptic plasticity (Dayan et al., [@B22]). Most studies agree that there is a large variability among subjects when evaluating the effects of stimulation (e.g., Wiethoff et al., [@B77]; Pope et al., [@B59]; Davidson et al., [@B21]). The situation is further complicated by the fact that the same stimulating pair of electrodes will have obviously opposing effects on the motor cortex and on the OFC; factors influencing the motor component of the decision and responding process thus might mask the effects on the sensory part. In a meta-analytical review Jacobson et al. ([@B36]) concluded, that it is quite common to see the AeCi effect (anodal stimulation, cathodal inhibition) on latency times in motor experiments where evoked potentials are studied; in this respect our study might be an exception, since no significant differences in response latencies could be shown. We have to note however, that only behavioral response latencies and no evoked potentials were analyzed in this study.

In summary, our behavioral results show that using these electrode positions we could modulate the cortical activity of the OFC, which has an effect on the top-down mechanism during the fast categorization of MC optimized stimuli (Bar et al., [@B10]). Our results do not exclude the possibility that magnocellular input fed into the ventral pathway may accelerate visual processing, but they give further evidence for the essential role of top-down processes originating from the OFC in visually based decisions. The goal of our study was to investigate the effects of bilateral stimulation of the orbitofrontal cortex, but for the correct interpretation of the reaction time changes another electrode arrangement is needed. Using electrodes on the two sides of the supraorbital region (Kincses et al., [@B38]; Fecteau et al., [@B31]; Ferrari et al., [@B32]) could enable the examination of dynamic changes of magnocellular processing and the differences between the function of the left and right OFC. However, the exact neuronal background and tracking the flow of information along the cortical pathways require electrophysiological methods (extracellular unit recording at several locations simultaneously) with a good temporal resolution.

Author contributions {#s5}
====================

AB: design of the work, critical revision, final approval, accountable for all aspects GCs: data acquisition, first draft, final approval, accountable for all aspects. MN: data acquisition, critical revision, approval, accountable for all aspects. PC: intrepretation of data, draft, approval, accountable for all aspects TK: intrepretation of data, draft, approval, accountable for all aspects GyS: statistical analysis, draft, approval, accountable for all aspects.

Conflict of interest statement
------------------------------

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The study was supported by the Neuroscience Research Group of the Hungarian Academy of Sciences and the University of Szeged, the National Brain Research Program (Grant No. KTIA_13_NAP-A-II/20.), OTKA \[PD 104715\] and OTKA \[K83671\] grants. TK was supported by the European Regional Development Fund-Project FNUSA-ICRC (No. CZ.1.05/1.1.00/02.0123) and by the European Union - project ICRC-ERA-Human Bridge (No. 316345). AB was supported by the European Union and the State of Hungary, co-financed by the European Social Fund in the framework of TÁMOP 4.2.4.A/2-11-1-2012-0001 'National Excellence Program'. GCs was supported by the NTP-NFTÖ-16 project by the Human Capacities Grant Management Office and the Hungarian Ministry of Human Capacities. We thank J. Navracsics, V. Varga, and É. Demeter for proofreading the manuscript and F. Rárosi for helping with the statistical analysis.

[^1]: Edited by: Haluk Ogmen, University of Denver, USA

[^2]: Reviewed by: Aaron Paul Johnson, Concordia University, Canada; Thomas Kammer, University of Ulm, Germany

[^3]: This article was submitted to Perception Science, a section of the journal Frontiers in Neuroscience
